of the substrate at enhanced g-level, and during reduced gravity phase the fluid rose and more uniform wetting of Mir and a U.S. space shuttle and concluded that water gation, which was conducted aboard NASA KC-135 reduced gravity flight, is to study possible particle separation and the distribution content distributions under microgravity were nonuni-
gation, which was conducted aboard NASA KC-135 reduced gravity flight, is to study possible particle separation and the distribution content distributions under microgravity were nonuniof discontinuous wetting fluid in porous media under microgravity.
form both spatially and temporally. They also noticed KC-135 aircraft provided gravity conditions of 1, 1.8, and 10 Ϫ2 g. Glass the possibility of narrower pore-size distributions under beads of a known size distribution were used as porous media; and microgravity. Experimental results obtained from the
Hexadecane, a petroleum compound immiscible with and lighter than
Mir Space Station revealed differences between 1 g and water, was used as wetting fluid at residual saturation. Nitrogen freezer microgravity in terms of capillary flow in granular bed was used to solidify the discontinuous Hexadecane ganglia in glass of large particles, most likely due to the gravity effect beads to preserve the ganglia size changes during different gravity on water propagation (Yendler et al., 1996) . Although conditions, so that the blob-size distributions (BSDs) could be meaprior investigators have paved the way for the research sured after flight. It was concluded from this study that microgravity on pore fluid dynamics under microgravity during the has little effect on the size distribution of pore fluid blobs corresponding to residual saturation of wetting fluids in porous media. The blobs past 15 yr, several elements of pore fluid dynamics under showed no noticeable breakup or coalescence during microgravity. microgravity continue to remain as issues of speculation However, based on the increase in bulk volume of samples due to and debate.
particle separation under microgravity, groups of particles, within
The objective of this study is to observe possible partiwhich pore fluid blobs were encapsulated, appeared to have recle separation in porous media and the distribution of arranged themselves under microgravity. discontinuous pore fluid ganglia under varying gravity conditions. To achieve this objective, we extended the methods reported in nonaqueous phase liquid (NAPL) T he study reported in this paper is part of a longliterature on observations of pore fluid ganglia in porous term fundamental research investigation involving media under 1 g condition (Xiao and Reddi, 2004 ; Reddi design of plant growth systems for crop production unet al., 1998; Mayer and Miller, 1992) . Mayer and Miller der microgravity. Spatial distribution of wetting fluid as (1992) polymerized styrene monomer, a type of nonaquewell as size distribution of discontinuous pore fluid ganous phase liquid, in glass beads, and the solid styrene glia under microgravity may strongly impact plant growth monomer blobs were sieved to obtain the BSD, which conditions, such as water transport and intake by the root represented the pore fluid distribution. Xiao and Reddi in the soil substrate. With gravity, excess water drains (2004) studied the effect of vibrations on discontinuous along a vertical gradient, and water recovery is easily pore fluid distribution by measuring the blob sizes of accomplished; under microgravity, the distribution of solidified Hexadecane, a petroleum compound immisciwater is less predictable and can easily lead to flooding ble with and lighter than water, entrapped in glass beads as well as anoxia (Hoehn et al., 2000) .
in discontinuous ganglia form. These methods were used Parabolic flight of KC-135 aircraft offers researchers in the present study to determine the effects of varying reduced gravity in the order of 10 Ϫ2 g for up to 25 s. The gravity conditions provided by KC-135 flight on disconshort microgravity period facilitates investigations on tinuous pore fluid ganglia. the role of gravity in fundamental physical processes. Langbein et al. (1990) of free space above the glass beads in the capsule was left for possible increase in porosity due to particle separation under microgravity.
KC-135 Experiments
The experiments were conducted onboard NASA KC-135 flight in February 2004. of the parabola. Samples containing the residual Hexadecane ganglia were frozen under 1, 1.8, and 10 Ϫ2 g and then analyzed Residual saturation of Hexadecane was established using on ground. To quickly freeze the Hexadecane ganglia within the suction system shown in Fig. 1 . Aluminum Kodak cases the 25 s of 1.8 g and microgravity, a nitrogen freezer (MVE (referred as capsules hereafter) were used as sample containVapor Shipper, Model SC 4/2V, Chart Industries, Inc., Burnsers. The capsule was 3.0 cm in diameter and 4.4 cm in height, ville, MN) was used ( Fig. 1 ). Liquid nitrogen was adsorbed and its total volume was 31.1 cm 3 . The bottom of each capsule within the wall matrix of the freezer, so that no liquid nitrogen was perforated in order for Hexadecane liquid to be drained could spill out under microgravity. The nitrogen vapor inside out. A nylon membrane with 5-m openings was glued to the the freezer provided a cryogenic environment of Ϫ150ЊC. bottom of capsule to prevent air entry when Hexadecane was Three samples were put into the freezer before the 25 s of drained out. The procedure to establish Hexadecane residual microgravity-one before flight's takeoff, one during the level saturation in glass beads was as follows.
segment of the flight (1 g), and one when 1.8 g was reached 1) Fill the suction system with de-aired water.
in the cabin. To prevent samples from floating under micro-2) Place the capsule tightly on the suction system, and lower gravity condition, a magnetic strip was glued to the bottom the burette until water level reaches the bottom of of each capsule, so that the steel bottom inside the freezer can the capsule.
hold the samples down under microgravity. Each capsule was 3) Gently pour well-mixed dry glass beads into the capsule.
tightly attached to a string, which facilitated careful loading 4) Gently pour 10.0 mL of Hexadecane into the capsule.
of the samples into the nitrogen freezer under 1 and 1.8 g. Tests The glass beads are now saturated with Hexadecane.
were conducted on ground to determine the time required to 5) Gradually apply suction by lowering burette to drain freeze the Hexadecane fluid. It was concluded that HexaHexadecane out of the glass beads, until no more Hexadecane blobs in the glass beads could be frozen within 15 s decane can be drained out. This ensures that Hexain the nitrogen freezer. decane has reached residual saturation.
Due to the high cost of KC-135 flight, only four flights were 6) Carefully take the capsule off the suction system. Seal conducted with one flight per day. Four samples were taken the cap to the capsule and store the sample in freezer.
during each flight, and 16 samples were tested in total. The procedure of freezing the samples was as follows. Using this procedure, 16 samples were prepared under identical conditions for the flight experiments. About 0.3 mL of 1) One night before the experiment, four samples, which were prepared under identical conditions and which conHexadecane was entrapped in the glass beads, which corresponded to a residual saturation of 4%. The bulk volume of tained Hexadecane at residual saturation, were taken out of freezer and thawed at room temperature (above 18ЊC). glass beads was 20.0 cm 2) In the morning, the four samples were stored in an egg water colder than 18ЊC. The glass beads were stirred tray and taken into KC-135 flight, taking precautions to gently using a magnetic stirrer to detach the Hexadecane minimize any transportation disturbance.
blobs from glass beads. Once the blobs were detached, 3) Before the plane took off, the first sample was loaded they floated on the water surface and therefore could into the nitrogen freezer. This sample, labeled as 1-G-1 g, not be broken up by the stirring. meaning Day 1, on ground under a 1-g condition, was
2) The blobs were wet-sieved using water colder than 18ЊC. used as a control sample.
3) The sieves were air dried in the constant temperature 4) After the KC-135 plane took off and before the parabola, room, and then the blob mass on each sieve was measured. the second sample was loaded into the freezer during the level segment of the flight. This sample was labeled as After the BSDs were derived, statistical analyses using Kol-1-A-1 g, meaning Day 1, in the air, under a 1-g condition.
mogorov-Smirnov test (Press et al., 1992, p. 623-625) were 5) When 1.8 g was reached during the parabola, the third conducted to verify whether the BSDs under the gravity consample was loaded into the freezer. This sample was ditions were significantly different from each other. The Kollabeled as 1-A-2 g, meaning Day 1, in the air, under a mogorov-Smirnov test (K-S test) can be used to determine 1.8-g condition.
whether two datasets differ significantly. The results from each 6) Five to ten seconds after the beginning of microgravity flight experiment form one data set containing four testsduring the parabola, the fourth sample was loaded into Test 1 is G-1 g test (BSD under 1 g on ground); Test 2 is the freezer. Five to ten seconds of microgravity allowed A-1 g test (under 1 g in the air); Test 3 is A-2 g test (under possible rearrangement of both glass beads and Hexa-1.8 g in the air); Test 4 is A-0 g test (under 0 g in the air). In decane pore fluid blobs. Then the Hexadecane pore fluid each of the four data sets, Tests 1 to 4 were compared with was frozen within the rest 15 to 20 s of microgravity. each other. The null hypothesis in this analysis is that the two This sample was labeled as 1-A-0 g, meaning Day 1, in tests being compared are not significantly different from each the air, under microgravity condition.
other. In K-S test, the two cumulative distributions being com-7) After the plane landed, a magnetic bar was used to pared produce a simple measure, D, which is the maximum carefully retrieve the four samples out of the nitrogen value of the absolute differences between the distributions. If freezer; then they were immediately transferred into a the significance level of D corresponding to the two distribucooler in which the temperature was kept lower than 0ЊC.
tions being compared is greater than a specified level of signifiThe same procedure was repeated during the other 3 d of cance (5%), then the K-S test supports the null hypothesis flights to test the reproducibility.
that the two distributions being compared are not significantly different from each other.
Sample Analyses
The van Genuchten function (van Genuchten, 1980) was The Hexadecane BSDs were measured for the 16 samples found to be a suitable expression to represent BSDs (Mayer that were brought back from the KC-135 flights. The measureand Miller, 1992; Xiao and Reddi, 2004) . Mayer and Miller ments were conducted in a constant temperature room at 6ЊC.
(1992) proposed to fit BSD using the following van GenuchThe procedure to obtain the BSD was:
ten expression: 1) The glass beads with entrapped frozen Hexadecane blobs
were poured from the capsule into a beaker filled with blobs from glass beads is shown schematically in Fig. 6 . The BSDs obtained under the four different condiThis is not inconsistent with the observations made by tions for each flight do not show a noticeable difference. Jones and Or (1999) who suggested that inter-particle Statistical analyses described above were conducted to liquid bridges or pendular rings left in the wake of pore verify whether the BSDs under the different gravity drainage provide particle-to-particle bonds that may conditions were significantly different from each other.
minimize individual particle movement in microgravity. All of the observed significance levels obtained from
The observations shown in Fig. 5 clearly indicate the the analyses are between 66 and 100%; therefore, all possibility that groups of particles may still move with of the data are clearly consistent at the 5% level of the encapsulated pore fluid blobs remaining intact. significance with the hypotheses that there are no differ-
The 16 BSDs obtained in this study were fitted using ences among the tests. It is therefore concluded that van Genuchten function, and the fitting parameters, ␤ pore fluid distributions did not change when the gravity and m, are listed in Table 1 . When the Day 3 G-1 g samcondition changed from 1 g on ground to 1 g in the air, ple was excluded due to its nonresidual saturation condifrom 1 to 1.8 g, and from 1.8 to 10 Ϫ2 g. Discontinuous tions, which occurred due to experimental errors, the pore fluid ganglia showed no noticeable breakup or covalues for ␤ and m fell in relatively narrow ranges, 2.91 alescence during microgravity. This is in agreement with to 3.81 for ␤, and 3.33 to 4.65 for m. No particular trend the observations made by Langbein et al. (1990) in simiwas found for both ␤ and m when the values under 1.8 lar parabolic flight experiments. In their experiments, and 0 g were compared. This result is consistent with solid edges were wetted with water or glycerine; during microgravity, no breakage was observed in 31 parabolae the statistical analysis, which showed that gravity had little impact on pore fluid distribution at residual satudiscontinuous pore fluid blobs at residual saturations of the wetting fluid. Future KC-135 microgravity experiration.
ments may help to discover the gravity effect on pore fluid distributions at water contents higher than residual CONCLUSIONS saturation. Also, spatial distributions of pore fluid (as opposed to size distributions addressed in this study) within Based on the experimental investigations on the efthe medium need to be investigated to allow proper fects of gravity on the matrix of porous media and disdesign of root modules for microgravity. continuous pore fluid distribution, the following conclusions were drawn. tion with Hexadecane ganglia before microgravity; (b) Glass beads configuration with Hexadecane ganglia during and after micro- † ␤ increases with the decrease of mean blob sizes; m is related to the shape of BSD curve, m is larger for more uniformly distributed blob sizes.
gravity.
